Abstract. Recent developments in digital high-speed photography allow us to directly observe the surface topology and flow conditions of the melt surface inside a laser evaporated capillary. Such capillaries (known as keyholes) are a central feature of deep penetration laser welding. For the first time, it can be confirmed that the liquid capillary surface has a rippled, complex topology, indicative of subsurface turbulent flow. Manipulation of the raw data also provides quantitative measurements of the vertical fluid flow from the top to the bottom of the keyhole. C The use of high-speed cameras in laser welding research dates back to 1985 when Arata, Abe, and Oda used a 6000-fps 16-mm camera to observe the process.
The use of high-speed cameras in laser welding research dates back to 1985 when Arata, Abe, and Oda used a 6000-fps 16-mm camera to observe the process. 1 The development of high-speed digital cameras has made the technology easier to use, and in recent years high-speed photography of 1000 to 20,000 fps has become standard in many laboratories. In this present work, the authors have used equipment and techniques that increase this frame rate by an order of magnitude, allowing much more detailed observation of the laser-material interactions involved.
This work presents images taken by a Photron (San Diego, California) SA1 high-speed camera with a Micro-Nikkor 105-mm lens, at 180,000 frames per second with an exposure time of 370 ns. The image size was 128×128 pixels with 12-bit pixel depth. Figure 1 shows the basic arrangement of the equipment. The experiments involved a moving workpiece, and a stationary laser beam and camera. Figure 2 shows a typical still image taken during Nd:YAG laser welding of stainless steel (Haas HL3006D, laser power 2.5 kW, welding speed 0.1 m/s, weld depth 2 mm, focusing optics 300 mm, spot size ∼600 μm). The weld pool area has been illuminated by a 500-W Cavilux (Cavitar, Tampere, Finland) HF pulsed illumination diode laser to observe the melt flow around the keyhole. In this case, the illumination direction was from the right and created the bright spots on the melt surface to the left of the keyhole. The keyhole itself emits light as a function of the local temperature. Bright spots inside the keyhole indicate humps in the keyhole wall, 0091-3286/2010/$25.00 C 2010 SPIE which become locally heated by the incident laser beam, as described in Fig. 3 .
A number of theoretical models have assumed that the surface of the keyhole is smooth, 2, 3 but Fig. 2 clearly shows that the liquid on the front wall of the keyhole has a rippled surface. Close observation of high-speed sequences of images have shown that the ripples travel rapidly over the surface of the melt, as predicted by other theoretical models. 4, 5 The complex, 3-D flow of liquid over the front wall of the capillary makes it difficult to estimate flow speeds and directions. However, it is possible to quantify flow speeds and direction by using a specially developed type of streak photography.
A thin, central strip, one pixel wide, can be extracted from photographic images of the type shown in Fig. 2 . A collection of these single pixel lines can then be placed side by side to present streak photograph information, mapping the movement of bright zones along the center line of the main image. Figure 4 presents the data in this format, and shows the variation in brightness along the capillary center line over time (540 frames). This streak image visualizes time-dependent events.
A simplified geometry of the observed area is presented in Fig. 5 , which helps the interpretation of the information provided in Fig. 4 . It is important to bear in mind that the streaks mapped in zone b represent movement down the almost vertical face of the keyhole front, whereas movement outside this area, in zone c, is approximately horizontal-across the surface of the melt pool behind the keyhole. As both of these directions subtend an angle of approximately 45 deg to the camera pointing direction, it is possible to scale and superimpose inclined lines on the streak image to represent the speed of movement involved, as we have done in Fig. 4 . Parallel lines have the same velocity, and thus velocities in the weld area can be measured. Figure 4 indicates two types of wave motion in the area observed: 1. the movement of raised waves vertically down the keyhole front at speeds of approximately 5 m/s (500 μm per frame at 10,000 fps), and 2. the movement of waves on the melt surface behind the keyhole-in this case in the same This is the first experimental measurement of the first of the two fluid flows and of the keyhole wall ripples, and this has been made possible by the use of the new generation of high-speed digital cameras with frame rates in excess of 100,000 fps. This gives researchers the opportunity to compare experimental measurements with numerical models. 6, 7 We have also employed these high speed imaging techniques to observe melt movement inside a weld keyhole that penetrates between two 0.8-mm overlapping sheets of zinc-coated steel. The zinc coatings trapped between the two sheets evaporate when the steel melts, and the resultant jet of zinc vapor into the keyhole provokes blowouts in the weld pool. 8 During a blowout, the entire front wall of the keyhole is visible to the camera (Fig. 6 ). In this experimental case, no illumination was used, so all light is emitted from the hot surface of the molten metal. Figure 6 gives a global view of the keyhole area, and Fig. 7 presents a sequence of close-up views extracted from zone b in Fig. 6 , which are spread over 33 μs. In Fig. 7 the upper bright area is the keyhole front of the upper sheet, and the dark area is the interface between the two sheets where the weld front is cooled by the ejection of zinc vapor. The lower midbrightness area is the top of the keyhole front of the lower sheet. The sequence shows a droplet of molten steel being detached from the upper sheet over the dark gap. The streak photograph for this flow is presented in Fig. 8 , and it is clear that the droplets are leaving the bottom of the upper sheet at approximately 7 m/s. We believe that these droplets, after being detached, travel across the keyhole horizontally rather than vertically down the keyhole front. The driving force for material transport in this horizontal direction is provided by the jet of zinc vapor being created in the center of the front wall of the keyhole. The horizontal impact of the molten steel droplets and zinc vapor on the rear wall of the capillary Fig. 8 The streak image created from the film for welding two overlapping sheets of zinc-coated steel.
would explain the severe problem of droplet ejection from welds in zinc-coated steel (see Fig. 6 ).
We believe that high-speed imagery and streak photography of the type demonstrated here will help to unlock the secrets of laser evaporated keyholes, and lead to a deeper understanding of many of the other physical interactions involved in laser welding.
